Car stock projection is essential to evaluating the energy and environmental impacts of private cars in China. Since the private car ownership rate in China has not reached its saturation level, limited and outdated data used in previous studies has resulted in high uncertainties regarding the functions of car ownership and significantly reduced the robustness of the projection of private car stocks. In this work, we estimate China's current growth pattern of private car ownership by analyzing more than 6300 pairs of private car ownership and income data collected from various official statistics at the national, provincial, and city levels in the period of 1997-2017. The dataset covers a much wider per-capita disposable income range than national-level data alone and allows us to make satisfactory projections of private car stocks in China up to 2040. We project that the private car stock in China could reach 403 million in 2040, if the current growth pattern of car ownership continues. Significant discrepancies in private car ownership curves are observed for cities with and without car sales restrictions. Without car sales restrictions, we estimate that the private car stock would be even higher at 455 million by 2040, demonstrating the effectiveness of the current restriction policy in controlling car stocks in China. We further quantify the potential impacts of car sales restrictions on future car stock levels by implementing hypothetical national car sales caps. Results show that, although the private car stocks would still continue to grow before 2030, the stock levels would be stable at~280 and~350 million by 2040 for scenarios of 20 and 25 million sales caps, respectively. The impact of private car stock growth on energy consumption in China is also examined. Pump-to-wheels energy consumption of the private car fleet is projected to be 131, 147, 90, and 113 million tonnes of oil equivalent by 2040 for scenarios of the current growth pattern, no sales restriction, the 20 million sales cap, and the 25 million sales cap, respectively. Analysis reveals that private car sales restriction and vehicle population growth control could be an effective strategy for energy consumption reduction (thus greenhouse gas emission mitigation) in China, although the development of the automotive industry may be restrained.
Introduction
For the past decades, the world has witnessed tremendous economic growth and an unprecedented scale of urbanization in China (Gan and Griffin 2018) . Accompanying the economic development was the growth of private car stocks and sales. China has exceeded the USA to become the world's largest car sales market since 2008 (OICA 2015) .The increased number of cars on the road has resulted in the growth of fuel demand, rising emissions of air pollutants and greenhouse gases, and severe traffic congestion (Gan et al. 2019) . One of the prerequisites of tackling the above issues is a reliable projection of private car growth in China, which is the focus of the present study.
A number of studies have attempted to assess car growth in China (He et al. 2005; Hsieh et al. 2018; Huo et al. 2007; Kobos et al. 2003; Wang and He 2000; Wang et al. 2006; Yan and Crookes 2009) . In these studies, a widely recognized method of projecting private car stocks has been to assume an S-curve growth pattern of vehicle ownership that increases slowly in the beginning when economic levels are low, rises steeply subsequently, and gradually approaches a saturation level (Lu et al. 2018) . For example, Wang and He (2000) projected the vehicle stock in China based on historical reviews of the growth patterns of per-capita vehicle ownership versus per-capita gross domestic product (GDP) in developed countries. Wang et al. (2006) used an S-shaped Gompertz function to model the relationship between per-capita vehicle ownership and per-capita GDP of China in projecting the vehicle stock through 2050. took car purchase prices into account when analyzing the relationship between income level and the private car ownership, and projected that China's private car stock would reach 420-500 million by 2040. Depending on 's approach, Hsieh et al. (2018) recently conducted Monte Carlo simulations to analyze the uncertainties in the vehicle adoption trajectory. Based on the limited national car ownership data, they concluded that China's private car stock projection would have large uncertainties, varying from 200 to 700 million by 2040 (Hsieh et al. 2018) .
The high uncertainty in private car ownership projection models stems from China's short period of data accumulation and the relatively poor data availability. Particularly, the National Bureau of Statistics of China (NBSC), the main data source of national private car ownership by income group in previous studies (Hsieh et al. 2018; Huo et al. 2007; Wang et al. 2006) , has stopped reporting the statistics of private car ownership by income group at the national and regional levels since 2012 (NBSC 1981 (NBSC -2017 . This fundamentally caused nearly all previous studies to use outdated historical data in their car ownership models when projecting car stocks in China. For example, the most recent study by Hsieh et al. (2018) still used the household survey data of private car ownership by income group prior to 2010, before the time when income and car ownership grew dramatically in China.
Another shortcoming of previous studies is that arbitrary ultimate saturation levels of car ownership needed to be assumed because national private car ownership in China is still in its rapidly growing stage and is far from saturation. As mentioned earlier, the response of car ownership to economic parameters in most of the previous studies was expressed as S-shape functions, in which the ultimate saturation level of car ownership was a key parameter. The car ownership saturation level can be affected by factors such as population density, urban development patterns, and government's decisions to control car stock. In previous studies, a saturation level in the range of 200-800 cars per thousand people was normally selected for China (Dargay and Gately 1999; He et al. 2005; Kobos et al. 2003; Lu et al. 2018; Wang et al. 2006) . For example, assumed two saturation levels in their car ownership growth model that were close to European (~500 cars per thousand people) and Japanese (~400 cars per thousand people) growth patterns. Dargay and Gately (1999) assumed that all countries (including China) follow the same car growth pattern with a saturation level of 620 cars per thousand people. Kobos et al. (2003) used data from other East Asian areas (including South Korea, Taiwan, and Japan) to estimate the saturation level of China as being 292 vehicles per thousand people. Hsieh et al. (2018) left this question open but performed a Monte Carlo simulation with saturation levels in the range of 200-800 cars per thousand people. These arbitrarily selected saturation levels for car ownership could potentially lead to errors and bias when projecting car stocks in China.
Instead of using outdated national car ownership data and making arbitrary judgments or analogies to other countries, in the present study, we constrain the relationship between car ownership and per-capita disposable income in China by conducting a regression of more than 6300 pairs of sample data in the period of 1997-2017 from various official statistics at the national, provincial, and city levels to derive China's specific car ownership function. In particular, the dataset covers per-capita disposable income levels up to 110,000 Renminbi (RMB, Chinese currency, 2015 constant), which can make satisfactory starting points for the projection of car stock in 2040 (estimated per-capita disposable income of~88,000 in 2015 RMB).
Using the analysis of the most updated dataset, the study also discusses the potential effects of sales restrictions on private car growth. To alleviate the pressure from air pollution and traffic congestion, a number of Chinese cities have begun to restrict private car sales. Sales restriction will directly affect car stock growth, which is a key factor that should be considered but has not been discussed thoroughly in previous studies.
In summary, the present study (1) collects private car ownership and per-capita disposable income data from the national, provincial, and city levels for the period 1997-2017 to regress China's specific car ownership model, (2) discusses the potential effects of car sales restriction regulations, and (3) projects the private car stock, sales, and associated energy consumption through 2040. In these ways, the study provides the latest insight on private car growth in China.
Methods and data

Projection of private car stock
Per-capita income has been revealed to be the primary factor influencing the car ownership rate (Dargay and Gately 1999; Jong et al. 2004 ). In our previous work, we developed a car stock projection model for China that simulates the private car ownership on an income-level basis by taking car purchase prices into account Lu et al. 2018 ). The total private car stock in year m (Stock m ) is calculated by:
where TP m represents the total population in year m, x represents the per-capita disposable income in constant 2015 RMB, f(x) m is the disposable income distribution function in year m, and s(VPP m ) is the private car ownership per thousand people as the function of the vehicle purchasing power (VPP). VPP is the quotient of per-capita disposable income x and the vehicle price index (VPI) (Hsieh et al. 2018; . VPI reflects the differences in car prices over the years and is estimated as a ratio of car prices in year m to those of the same models in the year 2004. VPP is used in the car ownership function s(VPP m ) because it represents the car-priceadjusted income level and can better model car ownership growth in China, where vehicle prices, incomes, and inflation have great disparities Lu et al. 2018) . The sigmoid-shaped Gompertz function has been widely used to simulate the relationship between private car ownership and income levels (Hsieh et al. 2018; Jong et al. 2004 ). Most of the Gompertz functions previously used contain shape parameters lacking in physical meaning, making it difficult to estimate start values for these parameters in a regression analysis (Zwietering et al. 1990 ). Here, we use a modified Gompertz function to solve this problem and improve the regression efficiency:
In Eq. (2), all three parameters (A, λ, and μ) have physical meanings. A represents the ultimate saturation level, i.e., the maximum private car ownership per thousand people; λ is the length of the lag phase of the sigmoid curve, meaning the income level at which car ownership starts to grow; and μ is the maximum growth rate of car ownership (Kahm et al. 2010) . In using Eq. (2), the parameters A, λ, and μ are determined by fitting the historical data for VPI, percapita disposable income x, and car ownership s collected at the national, province, and city levels with weighting factors of the corresponding private car stocks. Various probability distribution functions have been tested for fitting the effect of income disparity in previous studies (Chen et al. 2015; McDonald 2008; McDonald and Ransom 1979; Souma 2001; Zhang et al. 2013) . For China specifically, Chen et al. (2015) analyzed household income data from 2005 to 2012, and compared the fitting effects of eight distribution functions. It was demonstrated that the log-logistic distribution has the best fitting effect among other two-parameter distribution functions. We adopt the log-logistic function as the income distribution function f(x) m for China:
where a m and b m are the scale and shape parameters, respectively, of the log-logistic distribution in year m. For the log-logistic distribution, the parameters a m and b m in year m can be derived from the mean disposable income (D m ) and the Gini index (G m , a widely used indicator of income inequality). The values of these parameters will be detailed in Sect. 2.3 below.
2.2 Private car ownership data at the national, province, and city levels
Unlike previous studies that use outdated national car ownership data (national data by income group was discontinued after 2012) and make arbitrary assumptions about the ultimate saturation level of the car ownership function, we estimate China's private car ownership curve by fitting a large amount of car ownership data collected at multiple (national, province, and city) levels weighted with the corresponding car stocks. These data were derived and compiled from surveys of Chinese urban households at different income levels by the Statistics Bureaus of various local authorities. Figure 1 shows the data coverage of the private car ownership and the corresponding car stocks collected in this study. A full list of references for data sources of individual provinces and cities can be found in Table 1 of the Supporting Information. In total, we collected more than 6300 pairs of private car ownership and per-capita disposable income data in the period of 1997-2017. The data set covers all national-and provincial-level data reported by the official government and data of top 54 cities that possess the most cars in China (total car stocks of 79 million in 2016,~53% of the national stock). From the income range point of view, the data set covers percapita disposable income levels up to 110,000 RMB (2015 constant), which is significantly wider than the range up to~60,000 RMB for the pre-2012 national-level data (data used in previous studies), and can make satisfactory references for the projection of car stock in 2040 (estimated per-capita income of~88,000 in 2015 RMB).
Data for population, per-capita disposable income, vehicle price, and the Gini index
According to previous discussion, the private car stock is calculated based on projections of total population, disposable income per capita, the VPI, and the Gini index. For population and per-capita disposable income, we develop different scenarios to reflect potential social and economic development in China. The future population is obtained from United Nations' World Population Prospects (UN 2017), where the low, medium, and high estimates correspond to the low, medium, and high fertility projections, respectively. A review of the historical data reveals a strong linear relationship (coefficient of determination R 2 = 0.993) between per-capita disposable income and per-capita GDP (NBSC 1981 (NBSC -2017 .We thus estimate the per-capita disposable income based on the per-capita GDP projection. Here, the . The low, medium, and high estimates correspond to EIA's low, reference, and high economic development scenarios, respectively. VPI values are obtained from previous studies Lu et al. 2018) , in which the future VPI was estimated based on a comparison of the historical car price trend for the United States and China. Car prices in China decreased dramatically (approximately 80%) since 1997 Lu et al. 2018) , which is similar to the trend of the early motorization stage of the USA from 1900 to 2020 (Williams et al. 2017) . Like the trend in the USA from 1920 to 1940, the VPI of China is assumed to decrease until 2030 (i.e., corresponding to the decreasing VPI period of 1920-1930 in the USA) and then increase slightly until 2040. We follow 's projection that Gini index will continue to decrease until 2040. Table 1 shows the projections of total population, GDP, VPI, and Gini index used in the study.
As mentioned before, the disposable income distribution functions are estimated with the mean disposable income and the Gini index using Eqs. (3)-(5). Figure 2 shows the estimated disposable income distribution functions for China from 2010 to 2040. By 2040, per-capita disposable income is projected to increase significantly, and more than 80% of the population's income is postulated to be higher than the average level of 2010. This further demonstrates the importance of analyzing the car ownership levels of the high-income population in making the private car stock projection in China.
Private car sales
Theoretically, the private car stock in year m is the sum of all cars sold previously that are still on road:
where r j represents the private car survival rate at age j, Sales m − j represents the car sales of year m-j, and n is the possible longest car service year. Equation (6) can be reorganized to back-calculate car sales from stocks in year m as:
In this work, the historical car sales are collected from China's automotive industry (CATRC 1991 (CATRC -2016 . We follow Lu et al. (2018) 's treatment, assuming that the survival rate r of private cars at age j can be expressed with a two-parameter logistic function: 
where L 50 is the vehicle age at which 50% of the cars have retired, and σ is a shape factor related to the onset of significant car retirement. Based on historical sales and stock data, L 50 and σ were determined to be 13.3 and 7.1, respectively (Lu et al. 2018) .
In this study, we also develop scenarios with fixed annual sales caps to discuss the potential effects of car sales restrictions. For those scenarios, Eq. (6) instead of Eq. (1) is used to project private car stocks.
Energy consumption of private car fleet
In this work, we use the China vehicle fleet model developed by Argonne National Laboratory (Lu et al. 2018) to evaluate the energy and environmental impacts of projected private car stocks and sales in China. The model calculates the pump-to-wheels (PTW) energy consumption by vehicle technology, fuel type, and vehicle age as the product of the corresponding vehicle stock, vehicle kilometers traveled (VKT), and fuel consumption rate (FCR): 3 Results and discussion
Validation of the private car stock projection model
A significant difference between the current work and previous studies in projecting China's car stocks is that we estimate China's specific private car ownership curve by fitting not only national car ownership and income data, but also a large amount of data collected at the province and the city levels. This will overcome the lack of income-grouped national data after 2012 due to the discontinued statistics, capture the characteristics of private car ownership in recent years, and expand the private car ownership curve to much higher income levels, which have been demonstrated to be important to the private car stock projection in China (Fig. 2) . We use a modified Gompertz function (Eq. (2)) to achieve a weighted fit for data of different ranges, and the weighting factors are the corresponding private car stocks of individual data points. The embedded assumption here is that the weighted average ownership curve of the historical province-and city-level data can represent the historical and future national car ownership, if the provincial and city data well represent the national car stock. For example, more than 6300 data points collected in this work cover all provinces and the top 54 cities that possess most cars in China (these cities possessed~53% of the car stock in 2016).
To verify this assumption, we conduct a validation experiment to test whether historical province-and city-level data before a certain year can be used to derive historical national averages and capture the trend of national averages in the following years. Figure 3a shows the private car ownership data at the province and city levels for the period of 1997-2010. Weighted regression curves and the corresponding 95% confidence intervals (CI) based on these pre-2010 data are shown in Fig. 3a, b . Clearly, the national private car ownership data before 2010 fall in the 95% CI range of the weighted regression line derived from province and city data. Additionally, national private car ownership values of the post-2010 period (2011-2018, non-income-grouped car ownership data after 2012) also follow the same curve. The validation test demonstrates that the method proposed in this work can be used to estimate the national private car ownership curve in China and can also be used to project private car stocks within the covered VPP range, if the current growth pattern of car ownership continues. Figure 4 shows the private car ownership curve regressed from more than 6300 car ownership data points collected in this work. As discussed in the previous section, this curve can be considered as the current growth pattern for private car ownership in China. The dataset covers the VPP range up to 350,000 (2015 RMB), which exceeds the estimated 2040 average VPP of 308,000 (2015 RMB). Therefore, along with the total population and the per-capita disposable income projections, the regressed curve can provide reasonable private car stock estimates up to 2040, if the car growth continues following the current pattern.
Private car ownership curve of the current growth pattern
It should be noted that, although an ultimate saturation level A can be obtained by regressing data points with Eq. (2), it potentially contains large uncertainty due to the limited number and incomplete representation of the data points in the high VPP range. In other words, the current dataset still cannot allow us to estimate the saturation level of private car ownership in China accurately, but it can help us constrain the private car ownership curve in the VPP range up to at least~250,000 (2015 RMB, Fig. 4) , which can significantly reduce the uncertainties of the stock projections in China.
Nevertheless, the national average private car ownership saturation level in China is potentially lower than the USA's level of~800 (Davis et al. 2009 ), the European countries' levels of 450-600 (EC 2010), and Japan's level of~440 (SBJ 2007 ). There could be many reasons for the possible lower private car ownership rate in China. First, the high population density and relatively limited resources (e.g., parking lots) on a per-capita basis restrain car ownership growth in the country. The comparison between countries in Western Europe and North America showed that the saturation levels of countries with high population densities are relatively low (Huo et al. 2007 ). Second, China has devoted great efforts to improving public transportation systems, including the construction of urban subway systems and the world's largest high-speed railway network, which provide more efficient and convenient travel options and reduce the demand for private cars (Huo et al. 2015; Yin et al. 2015) . These efforts have diverted the country's transportation development from the dramatic growth of private cars to the improvement of the public transit system. Third, as the issues of air pollution and traffic congestion become more prominent, many cities in China have adopted restrictive policies on private car sales to limit the growth of private car stocks. This will be discussed in the next section.
Effect of car sales restrictions
By the end of 2018, eight cities and one province in China have implemented car sales restrictions. Shanghai was the first city to begin restrictions in 1994, while other cities did not set the restrictions until 2011 or later, when the air pollution and traffic congestion problems became prominent. After 2011, with the increase in the number of cities adopting restriction policies, the car ownership level thresholds at which restrictions started became lower. For example, Beijing began to restrict private car sales when car ownership reached~150 per thousand people in 2011 (BSB 2012); Tianjin started the restriction when car ownership was1 30 per thousand people in 2013 (TSB 2014), while Hainan Province began its restriction when the car ownership was only around 60 per thousand people in 2018 (HSB 2018). It can be postulated with these recent trends that car sales restrictions will likely continue to expand in China in the near future. The implementation and effects of car sales restrictions vary from city to city. The most common measure for local authorities is to directly control the number and the Shanghai limits the number of license plates issued each year and holds public auctions to sell them. In the year 2017, the number of new license plates issued was~132 thousand, while the total population of Shanghai is~24 million. The shortage of license plates made the auction price extremely high,~90,000 RMB (~13,000 US dollar) in 2017. The high cost of car plates significantly limits people's ability and willingness to own cars, lowering the private car ownership of the city. In 2016, the car ownership of Shanghai was 136 per thousand people, which was much lower than Beijing's level of 226 per thousand people and the nearby city Suzhou's level of 285 per thousand people. As shown in Fig. 5 , because of the long-term sales restriction, the car ownership growth curve of Shanghai is unique and much lower than the growth curve of other cities or provinces in China.
Since 2011, Beijing has restricted car sales by setting a fixed quota of new car license plates. In 2011, the quota of new license plates was set as 240 thousand (the annual number of car sales in the previous year was~600 thousand), and it continues to decrease. In 2018, the new vehicle registration was only 100 thousand. Unlike Shanghai, the new car license plates in Beijing are allocated by a lottery process. Guangzhou started restrictions in 2012 and constrained the number of new car license plates to 120 thousand yearly. Ten percent of new license plates of Guangzhou is allocated to "clean energy vehicle" (e.g., battery electric vehicles), 40% is determined by a lottery system, and the remaining 50% is determined by auction. Adopting similar ways of allocating the quota of new license plates through both lotteries and auctions, the cities of Tianjin, Hangzhou, and Shenzhen started their restrictions in 2013, 2014, and 2015, respectively. Car sales restrictions in Guiyang and Shijiazhuang started during 2011 and 2013, respectively, although they were permissive compared to other cities. Guiyang restricts new car registration in some specific districts having serious traffic congestion, and Shijiazhuang forbids families to own a third car. In 2018, Hainan became the first province in China to implement car sales restrictions. This means that, for the first time, Fig. 4 Private car ownership curve regressed from the national-, province-, and city-level data for car sales restrictions were extended to rural and underdeveloped areas, in addition to urban areas.
Although the car ownership curves of the other eight regions have not shown changes that were as dramatic as Shanghai, they are different from the curves of cities without sales restrictions, demonstrating the effectiveness of the restriction policy. Figure 6 compares the car ownership curves among cities with and without car sales restrictions. Here, only the top 20 cities with the highest private car stocks in China are included in the comparison to minimize the potential impacts of other factors, such as economic development and urban infrastructure. Obviously, cities with sales restrictions have lower car ownership rates than cities without sales restrictions. The difference is more prominent at the high VPP levels. The car ownership curve for cities with car sales restrictions shows the trend of a gradual saturation at high VPP levels, while apparently the saturation point has not been reached for cities without sales restrictions. Figure 7 and Table 2 show the projected private car stocks and sales for China through 2040 under different scenarios. Here, we consider five scenarios: (1) "current growth pattern," which uses the private car ownership curve shown in Fig. 4 ; (2) "no sales restriction," which uses the ownership curve for cities without car sales restriction in Fig. 6 ; (3) "Shanghai mode," which uses the ownership curve for Shanghai in Fig. 5 , representing the extremely low limit of private car stocks; (4) an annual private car sales cap of 20 million; and (5) an annual private car sales cap of 25 million, to explore the effects of the expanding car sales restrictions and hypothetical national sales caps on the future car stock in China.
Projection of private car stocks and sales
As shown in Fig. 7 , if the growth of private car stocks in China continues to follow the current ownership pattern, there would be 346 and 403 million private cars in China by 2030 and 2040, respectively, about 1.8 and 2.1 times of the stock level in 2018. The uncertainty range of the projection for 2040 is about ± 15% of the mean estimate, reflecting the 95% CIs of Table 1 . If there is no car sales restriction, the private car stock would reach 384 (343-432) and 455 (394-528) million by 2030 and 2040, respectively, about 12% higher than the current growth pattern scenario. This clearly demonstrates the effectiveness of the current car sales restriction policies implemented in individual cities and provinces on the control of car stocks in China. The "Shanghai mode" represents a hypothetical scenario, assuming that China had implemented a similarly aggressive national sales restriction as Shanghai did since its very early motorization stage. Under this scenario, we estimate that the private car stocks in China would be only 193 (181-208) million by 2040, about the same as the current stock level.
The "no sales restriction" and "Shanghai mode" scenarios demonstrate the significant impacts of the sales restriction on future private car stock growth in China. Details of how the regulation is implemented, including the scope, the object, and the car ownership rate when the restriction starts, are all important factors that change the magnitude of the regulation's impacts. A restriction starting from a relatively low car ownership level would significantly suppress the growth of private car stocks, as is proved in the case of Shanghai. The proactive intervention of Shanghai was recognized and adopted by Hainan Province in implementing a sales restriction policy when its car ownership rate was only~60 per thousand people. By subsidizing the construction of public transportation through revenue acquired from auctioning a limited number of private car licenses, the focus of transportation system development was diverted from private car promotion to public transportation improvement. This might be the guide for future implementation of sales restriction regulations in China. Therefore, the projection of private car growth in China must consider the effects of sales restrictions. For this reason, we develop another two annual sales cap scenarios that assume that a wide range of car sales restrictions will be implemented in China, leading to annual sales of private cars being controlled at the 20 and 25 million levels from now to 2040. Of note, private car sales in China during 2017 was~23 million (NBSC 2018) . For these two scenarios, although the private car stocks are projected to continue growing before 2030, the projected car stocks would be stable at~280 and~350 million after 2030 for the sales caps of 20 and 25 million, respectively, providing China's car stock projection from another perspective. Figure 7 also compares car stock projections of the present study with previous works. The projected car stock of 2040 in the "current growth pattern" scenario is lower than projections of both high and low car growth scenarios by , and the projection of the "no sales restriction" scenario is between the two scenarios of . The primary reason for the relatively low projection of the "current growth pattern" scenario is the lower-than-expected car ownership rate derived from the latest statistical data, while other reasons include different socioeconomic parameters used for the projections. One explanation of the lower-than-expected car ownership rate is the car sales restriction, which has not been considered in the previous study . This also explains why the projection of the "no sales restriction" scenario is close to the average projections of the two scenarios of . The projection uncertainties of the present study are smaller than that of Hsieh et al. (2018) , because massive statistic data is used in the study to constrain the uncertain range of the car ownership growth curve. Numbers in parentheses are the uncertain range of the projections Figure 8 and Table 2 further present the projections of annual private car sales in China under different scenarios. In contrast to previous projections of continuously increasing sales through 2040 IEA 2017) , we project that annual private car sales would grow to~29 (26-33) million by 2030 and remain stable afterward in the "current growth pattern" scenario. Even in the "no sales restriction" scenario, the growth of private car sales would gradually slow down after 2030. The gradual slowdown of car sales agrees with the relatively lower projections of car stocks, reflecting the lower-than-expected car ownership rates in the latest statistics. Private car sales in China can be even lower than the present projections, if the sales restrictions expand nationwide in the future. Figure 9 shows projections of the energy consumption of the private car fleet in China under different scenarios. If the current car growth pattern continues, PTW energy consumption of the private car fleet would reach a peak of 143 million tonnes of oil equivalent (toe) before 2030 and gradually decrease afterward. Energy consumption of the "no sales restriction" scenario is higher than that of the "current growth pattern" scenario by~11% and~13% in 2030 and 2040, respectively. Annual sales cap scenarios would even lower the PTW energy consumption of the fleet to~90 and~112 million toe by 2040 for sales caps of 20 and 25 million, respectively. Gasoline would continue to be the dominant fuel for private cars, but its share would decrease as the vehicle fleet becomes electrified (Lu et al. 2018) . Compared with previous studies, the energy consumption projections of the different scenarios in this study are much lower than the high car growth scenario by because our analysis suggests lower private car ownership rates. In contrast to previous projections of a continuously increasing trend of energy consumption through 2040, we project that the energy Fig. 8 Projections of private car sales in China through 2040 under different scenarios. The uncertainty range is shown only for the current growth pattern scenario. The uncertainty ranges for the "no sales restriction" scenario are listed in Table 2 consumption of the car fleet would gradually decrease after 2030 because of the higher fuel economy of new cars (Lu et al. 2018 ).
Impacts on energy consumption
Sensitivity analysis
We further conducted a sensitivity analysis on the projected private car stock in the "current growth pattern" scenario to see how independent parameters affect results. According to the discussion in Sect. 2.3, GDP, total population, the Gini index, and VPI are four independent parameters for the projection of the private car stock. As shown in Fig. 10 , the impacts of changes in the mean values of the four parameters are analyzed for stock projections of different periods. GDP has a positive effect on private car stocks, while the positive effect gradually decreases in the long-term projections. The reason is that GDP has a positive relationship with per-capita disposable income, which is the main driving force of the growth of car ownership; however, the driving force of income weakens at high income levels. The effect of total population on the private car stock projection is negligible in 2020, but significant for long-term projections. By 2040, the total population would exceed the other three parameters and become the most important factor driving the uncertainties of the private car stock projections. Total population affects the projection model in two ways: First, it acts as a multiplier of the car ownership rate, thus producing a positive effect on the total car stock; second, it acts as a divisor of the GDP in calculating the per-capita GDP, and thus per-capita disposable income, producing a negative effect on the private car ownership rate. The two counter effects balance each other in the near-term stock projections, while the multiplier effect becomes prominent in the long-term projections due to the less sensitivity of income to car ownership rates at high-income levels. In 2040, a + 10% variation in total population would lead to an increase in private car stock by 5.7%. Both the Gini index and VPI have negative effects on projected private car stocks, and these effects would be less significant in the long-term projections. According to the sensitivity analysis, a + 10% variation in the Gini index or VPI in 2040 would result in a decrease of private car stock projections by 3.5% or 3.7%, respectively. 
Conclusions
In this work, we estimated the private car ownership growth pattern of China by analyzing more than 6300 pairs of car ownership and income data collected from various official statistics at the national, provincial, and city levels in the period of 1997-2017. With the regressed private car ownership growth curves, we projected the stocks, sales, and PTW energy consumption of private cars in China through 2040. Since the ongoing and potentially expanding car sales restrictions would directly affect private car sales and stocks in China, the study also included discussion of the effects of different car sales restriction scenarios. With the analysis of massive and up-to-date statistical data, as well as detailed considerations of the ongoing car sales restrictions, the study provided the latest insights on private car growth in China.
The results showed that the private car stock of China would reach 346 (301-384) and 403 (340-464) million in 2030 and 2040, respectively, while the annual sales would grow to 29 (27-33) million by 2030 and remain stable afterward, if the current growth pattern of car ownership continues. Without car sales restrictions, the private car stock was projected to be 455 million, and the annual private car sales would reach 34 million by 2040. In the hypothetical national car sales cap scenarios, the private car stock would be stable at~280 and~350 million by 2040 for the annual sales caps of 20 and 25 million, respectively. PTW energy consumption of the private car fleet was projected to be 131, 147, 90, and 113 million toe by 2040 for scenarios of the current growth pattern, no sales restriction, the 20 million sales cap, and the 25 million sales cap, respectively. Comparisons of different car sales restriction scenarios demonstrate the effectiveness of the restriction policy on the control of private car stocks and the reduction of PTW energy consumption in China.
The analysis of the historical and future trend of vehicle population growth in China reveals that the control of private car sales, in addition to the simultaneous improvement of public transportation system, could be an effective strategy to reduce energy consumption and thus greenhouse gas emissions of the China vehicle fleet. Compared to the practices of other cities and provinces in China, Shanghai took a proactive intervention of sales restriction at the early stage of motorization, which improves the effectiveness of measures and reduces social resistances on the sales restriction policy. These experiences would benefit the development of sustainable transportation system in other cities of developing countries, particularly the highly populated cities with relatively low levels of car ownership but high growing potential of motorization. However, the sales restriction is a double-edged sword. It suppresses the vehicle sales and production, which may restrain the development of the automotive industry. Fig. 10 Sensitivity of private car stock projections to GDP, total population, Gini index, and VPI for the "current growth pattern" scenario as projected to 2020, 2030, and 2040 It also limits the options of private transportation, pushing individuals to meet their transportation needs through public transportation and other mobility services. 
